Red clay is a special soil layer with complex engineering properties distributed in tropical and subtropical regions. An anchor cable support is a common form of red clay slope support. e effectiveness of the anchor cable support is mainly determined by the anchoring force provided by the red clay stratum. Increase of the water content will lead to the rapid deterioration of the mechanical properties of red clay, which will lead to the reduction of the anchoring force of the slope anchor cable and lead to the failure of the support. Based on the classical Phillips and uniform anchorage shear stress distribution theory, this paper puts forward a uniform-exponential distribution pattern of anchorage shear stress according to the specific characteristics of red clay by using the characteristics of the peak shear strength and residual shear strength of the rock and soil mass. With increasing anchorage force, the dynamic evolution (single exponential distribution ⟶ double single exponential distribution ⟶ uniform index exponential complex distribution ⟶ uniform distribution) of the anchorage shear stress is analysed. Based on the peak and residual test of the cohesive force and internal friction angle, the relationship between the anchoring force and buried depth and water content is established by analysing the factors influencing the anchoring force. It can be found from the field test that, according to the relationship established, the limit anchorage force of the anchor cable in the red clay stratum can be calculated and the water sensitivity of the anchor cable's limit anchorage force can be quantitatively analysed.
Introduction
Red clay is mainly distributed in the hot and subtropical climatic zones between latitudes 30°north and 30°south. Large areas of red clay are found in Asia, Europe, South America, and Africa [1] [2] [3] [4] . Red clay is widely distributed in China, and it is mainly found in the southern provinces of China, with a total exposed area of more than 200,000 square kilometers. Due to the existence of the quaternary monsoon circulation, the red clay in the south of China underwent a complex laterisation process under the conditions of high temperature and humidity between the tropical and subtropical regions [5] . e location characteristics and engineering characteristics of red clay are obviously different in different regions due to the different environment and degree of weathering and laterisation [3, 4] . As a common form of support for red clay slopes, the anchoring technique has been widely developed and applied since it was first used in soil layer anchoring in the 19th century. In the design of the anchorage support, the anchorage support force is determined by the magnitude and distribution of the anchorage shear stress. Without considering the influence of the bolt strength, the rock and soil body's anchoring force in the anchoring support is determined by the bond shear stress between bolt and anchoring agent, shear stress in the anchorage agent, and the shear stress of rock and soil mass itself. All three of the above may reach the limit value and cause damage. e damage location shall be determined by the one who reaches the limit value first. Many studies show that the interface between the anchoring agent and the rock and soil mass is the weakest of the three. erefore, research has been conducted on the physical mechanics of the interface between the cohesive soil and structure through laboratory tests [6] [7] [8] [9] . Li and Stillborg [6] presented a model of the shear stress distribution along a fully encapsulated rock bolt in tension, as shown in Figure 1 . In their model, the elastic, softening, and debonding zones were considered, but with the limitation of linear behaviour within the softening zone. Ma et al. [7] presented an analytical model for fully encapsulated rock bolts subjected to tensile load in pull-out tests based on the bond-slip relationship describing the mechanical interaction at the bolt-grout interface, as shown in Figure 2 . e model takes into account the residual shear stress in addition to the complete decoupling mechanisms. For calculation convenience, the anchorage shear stress is often assumed to be uniformly distributed, and the average bond strength is used to calculate the anchorage length. is anchoring force calculation method is used in the national specifications for slopes and foundation pits in China. In fact, the distribution of anchorage shear stress is not uniform. e classical distribution patterns are Phillips distribution [10, 11] and unimodal distribution [12] .
In fact, in the hard rock and soil layer, shear failure occurs at the interface because of the high strength of the rock and soil mass and the anchor solid. However, in soft soil, the interface strength of the anchor solid, affected by the anchorage, is greater than that of soft soil, and the shear failure does not occur at the interface position, but in the soft soil close to the anchor solid. Based on the correlation of the ratio of load transfer to soil shear strength as a function of pile movement, an analytical method for developing a theoretical load-settlement curve for axially loaded piles in clay is presented in the literature [13] . Wang [14] believed that the shear strength of the interface between the concrete and soil was equal and, based on this, Wang established the theoretical formula for calculating the pile lateral resistance with shear strength. Liu et al. [15] established a mathematical model of the soil shear strength index and pile lateral resistance based on Coulomb's law and, using this mathematical model, the relationship between the soil shear strength and pile lateral resistance and the changing characteristics of the pile lateral resistance with depth are analysed.
In the red clay stratum, the interface strength of the anchorage body and soil affected by grouting infiltration is greater than that of the soil, and the anchorage shear stress is directly determined by the shear strength of the soil. Under natural conditions, red clay has good engineering mechanical properties. According to the classical molar Coulomb theory, the shear strength of red clay is determined by the normal stress of the soil layer, the cohesion of the soil mass, and the angle of internal friction [16] . Under the condition of the low water content, red clay has good engineering mechanical properties. With the increase of water content, its engineering mechanical properties deteriorate sharply, which is mainly manifested in the deterioration of the soil cohesion and internal friction angle. Li et al. [17] studied the changing law of the peak and residual cohesive force and internal friction angle for undisturbed soil which was obtained through the indoor experiment. In the case of natural undisturbed water content, the peak and residual cohesive force decrease with the exponential relationship of water content, while the peak and residual internal friction angle decrease linearly with the water content range. Based on the traditional Culon-morper shear strength criterion, the changes of peak and residual shear strength with water content were obtained. Taking the red clay in the Yunfu section of Guangwu expressway as a sample, Liu and Zhang [18] studied water content influence on properties of red layers in Guangzhou metro line, China. e results should provide the reference for further research for water-induced damage mechanism or creep damage control of red layers in engineering practice. Taking the anchorage shear stress of the red clay formation as the research object, the change of water content as the influencing factor, and the shear strength as the approach, this paper mainly studies the distribution law of the anchorage force and water sensitivity of the red clay formation.
Anchorage Stress Distribution Theory
In the red clay stratum slope anchor cable support, the anchor cable is a straight tube type of the tension anchor cable, the bond strength between the anchor cable and the anchorage body is relatively stable, and the strength is greater, so they will not damage each other. Generally, the failure of the anchorage is a bond failure between the anchorage body and the rock-soil mass, or the failure of the rock-soil mass itself. e interface strength of the anchorage body and the soil mass affected by grouting infiltration is greater than that of the soil mass. e shear failure of the anchorage body and soil mass in red clay is marked by the shear failure of the soil mass.
Classical eory of Anchorage Shear Stress Distribution

Phillips Distribution.
When the anchorage length of the anchor cable is long enough and the rock-soil mass around the anchorage body does not experience shear failure, the shear stress of the rock-soil mass around the anchorage body can be considered as an exponential distribution along the length of the anchor cable, i.e., Phillips distribution [10, 11] , as shown in Figure 3 . e Phillips distribution can be expressed as follows [10, 11] :
where x is the starting point of the anchorage section as the origin, pointing to the coordinate of the tail of the anchorage section (m). τ x is the anchorage shear stress at point x (kPa). τ 0 is the anchorage shear stress of the anchorage segment starting point, taking the maximum anchorage segment in the red clay layer within the scope of the limit of the shear strength in geotechnical engineering (kPa). d is the effective diameter of the anchorage body after grouting diffusion (m).
A is a constant. e anchor cable axial force T x can be obtained by integrating l − x along the length of the anchorage section, as shown in equation (2) , and the axial distribution of the anchor cable axial force along the anchor cable is also exponential, as shown in Figure 4 .
where T x is the anchor cable axial force at the starting point x from the anchorage section (kN) and l is the effective length of the anchorage section (m). e ultimate axial force of the anchor cable is
e anchorage length l is generally much larger than the diameter d of the anchorage body.
When l/d approaches infinity, the maximum value of equation (3) is
where T max u is the ultimate anchorage force of the anchor cable (kN). e abovementioned formula shows that, when the length of the anchorage section is larger than the diameter of the anchorage body, the increase of the anchorage length has little influence on the magnitude of the anchorage force, which is consistent with the test results of the rock-soil mass with low residual strength.
Uniform Distribution.
e Phillips distribution theory is cumbersome in practical application. In order to simplify the calculation and facilitate engineering application, it is assumed that the shear stress of the anchorage body is uniformly distributed in the current slope specifications, as shown in Figure 5 . e expression T x of the anchor cable axial force at the starting point x from the anchorage section is equation (5) , and the axial distribution of the anchor cable axial force along the anchor cable is oblique, as shown in Figure 6 :
where a is the coefficient related to the shear strength of the rock-soil mass and τ is the effective anchorage length within the limit of the shear strength in the geotechnical engineering average (kPa). e ultimate anchorage force of the anchor cable with uniform shear stress distribution is Shear failure surface Shock and Vibration
e Distribution and Evolution of Shear Stress for Uniform-Exponential Pattern.
In red clay, with increase of the anchoring force of the anchor cable, the rock-soil mass around the anchorage body at the initial point of the anchor cable and anchor segment first suffers shear failure, and then the failure gradually develops to the depth of the anchor segment. e shear stress value of the rock-soil mass when failure occurs is the peak shear strength. e rock-soil mass will not completely lose strength after destruction and the strength of the rock and soil after failure is called the residual strength. e development of rock-soil mass failure is a process in which the shear stress around the anchor body gradually decreases from the peak shear strength to the residual shear strength. Under constant conditions, the peak shear strength and residual shear strength of the rock-soil around the anchorage body in the anchor segment of the anchor cable are fixed values. According to the maximum tension, which is also called the anchorage force, of a tension type anchor cable, in the process of gradually increasing from large to small, the shear stress of the surrounding rock and soil mass along the length of the anchor cable can be divided into the following situations:
(1) When the length of the anchor cable is long and the axial force value of the anchor cable is small, the rock and soil around the anchorage body do not undergo shear failure. e rock and soil mass do not produce any sliding failure along the length of the anchor cable; that is, the maximum shear stress does not exceed the peak shear strength of the rock and soil mass. is stress distribution region is the nonslip region. e expressions of the shear stress distribution and ultimate anchorage force in the nonslip zone are equivalent to the expressions of exponential distribution. e shear stress distribution is expressed in equation (1), and the ultimate anchorage force is expressed in equation (2).
(2) With the increase of the anchor cable axial force, the initial point of the anchor segment will first reach the ultimate bearing capacity and then shear failure will occur. At this time, the ultimate shear stress is the peak shear strength of the rock and soil mass. As the anchorage force of the anchor cable continues to increase, the shear stress at the initial point of the anchorage section gradually decreases until the shear stress decreases to the residual shear strength value. e decrease of the shear stress from peak strength to residual strength is not a mutation process, but an asymptotic change in a region, which is a transition region. e shear stress distribution in the transition area is approximately exponential, and the shear stress distribution is symmetric with the nonslip region, as shown in Figure 7 . In this case, the shear stress distribution can be expressed as equation (7) and the expression of limiting anchorage force is shown in equation (8).
where τ p is the peak shear strength of the rock-soil mass (kPa) and x 0 is the position where the shear stress of the rock-soil mass reaches the peak strength.
e ultimate anchorage force of the anchor cable can be expressed as
(3) When the anchor cable is long and strong enough and the axial force at the end of the anchor cable continues to increase, the rock-soil mass around the anchorage body exceeds the peak strength and passes through the transition zone within a certain length range at the beginning of the anchor section. e shear stress of the rock-soil mass is equal to the residual shear strength in this state. e area where the shear stress equals the residual shear strength is the relative slip zone. When the anchor cable anchorage section is long enough, the transition zone and the nonslip zone develop to the depth of the anchor section with the increase of the anchor cable axial force. In this case, there will be three areas in the anchorage section: the relative slip zone, the transition zone, and the nonslip zone. e shear failure has occurred in the rock and soil around the anchorage body in the relative slip Shear failure surface zone, where the shear stress is the residual shear strength. At this point, the shear stress distribution can be expressed as equation (9), and its distribution mode is shown in Figure 8 . e expression of the ultimate anchorage force is shown in equation (10), and the ultimate anchorage force expression is shown in equation (11) when the anchorage length of the cable is relatively long:
where x 1 is the starting position of the transition zone. e ultimate anchorage force of the anchor cable with a uniform-exponential shear stress distribution is
When l/d tends to infinity, the ultimate anchorage force of the anchor cable is expressed as
(4) When the axial force at the end of the anchor cable increases to a state where slip failure of the whole anchorage section of the anchor cable occurs, the whole anchorage section of the anchor cable enters the slip zone in this state. e shear stress of the rocksoil mass around the anchorage section is all residual shear strength. e shear stress distribution can be expressed as equation (12), and its distribution mode is shown in Figure 9 . e expression of the limiting anchorage force is shown in equation (13):
When the anchor cable length is appropriate, with the increase of the anchor axial force, namely, the anchoring force, the shear stress of the rock-soil mass surrounding the anchorage body will experience changes from single exponential distribution (I) ⟶ double single exponential distribution (II) ⟶ uniform index (III) compound distribution ⟶ uniform distribution type (IV) in a gradual change process. e evolution process of shear stress with uniform-exponential distribution is shown in Figure 10 .
Influence Factors of Uniform-Exponential Shear Stress
Distribution.
e abovementioned analysis results in this paper are based on the fact that the peak shear strength and residual shear strength of the rock-soil mass around the anchorage body in the anchorage section are constant values, but they are in fact not constant values. e shear strength of the rock-soil mass is related to the stress state, cohesion, and internal friction angle of the rock-soil mass itself. e peak shear strength and residual shear strength can be expressed by equations (14) and (15) , respectively:
where τ P and τ R are the peak shear strength and the residual shear strength of the rock-soil mass (kPa), respectively, c P and c R are the peak cohesion and residual cohesion of the soil mass in the anchorage area (kPa), respectively, φ P and φ R are the peak internal friction angle and residual internal friction angle of the rock-soil mass around the anchorage point (°), respectively, and σ is the normal stress of the rocksoil mass around the anchor solid perpendicular to the anchor cable. Normal stress, which is perpendicular to the anchor cable, is determined by the in-situ stress state, the depth, the Shock and Vibration magnitude of external forces, and the restraint mode of the rock-soil mass surrounding the anchor. e larger the σ value, the greater the peak and residual shear strength.
When the sigma is constant, the peak shear strength and residual shear strength of the rock-soil mass are determined by the peak cohesive force and internal friction angle and the residual cohesive force and internal friction angle, respectively. e peak cohesion and internal friction angle and the residual cohesion and internal friction angle of the rock-soil mass have a strong relationship with the properties of the rock-soil mass. Even in the same kind of rock-soil mass, the cohesive force and internal friction angle change with the water content of different anchorage sections. A lot of research has been carried out on the influence of the water content on the shear strength of red clay [16] [17] [18] . In order to study the effect of the water content on the peak and residual cohesion and internal friction angle of red clay, laboratory tests were conducted at three different sites in Bijie, Guizhou province, China (Figure 11 ). e basic information of the soil samples from the three sites is shown in Table 1 . According to different times of natural rainfall, the same sampling site was taken and a group of samples with different water contents were taken using the drilling sampling method. At sample point I, nine sets of samples were taken, at sample point II six sets of samples, and at sample point III nine sets of samples. According to the latest China national geotechnical test standard, the strain-controlled direct shear instrument was used in the test to measure the peak and residual value of the cohesion and the internal friction angle for the samples under different water contents. e experimental results of the peak cohesion and internal friction angle are shown in Figures 12 and 13 . e residual experimental results are shown in Figures 14 and 15. e laboratory test results for the red clay samples from sampling points I, II, and III show that the peak and residual values of cohesion and the internal friction angle for soil samples with the same water content at different positions are different. e results also show that the peak and residual values of the internal friction angle and the cohesion of red clay at the same sampling point decrease with increase of the water content. Specifically, with increase of the water content, the peak cohesion and residual cohesion of red clay have a negative exponential attenuation relationship with the water content. e peak internal friction angle and the residual internal friction angle of the red clay decreased linearly. e expressions of the cohesion force and internal friction angle at the same sampling point can be expressed in equations (16) and (17) . ese two expressions are applicable to both peak and residual parameters:
where c is the cohesion force, φ is the internal friction angle, a and h are the fitting parameters for the expressions of cohesion force, f and d are the fitting parameters for the expressions of internal friction angle, and a, h, f, and d are constant values in the specific fitting formula. e type of uniform index compound shear-stress distribution (shown in Figure 8 states III) contains the stress state at various stages of evolution, and the stress and the anchoring force expression also set I, II, and the expression of the IV state. e expression of stress and the anchoring force for states III is also a collective expression of I, II, and IV. erefore, considering the influence of the stress state and moisture content, the stress and anchorage force distribution law of other states can be deduced from the uniform-exponential distribution expression. By substituting equations (14)-(17) into equation (9) , the relationship between the anchorage shear stress and the influence of the stress state and water content can be obtained, as shown in the following equation: Shock and Vibration where w g is the water content by weight (%), a R , b R , and h R are the residual cohesion influence coefficients, f R and d R are the residual internal friction angle influence coefficients, a P , b P , and h P are the peak cohesion influence coefficients, and f P and d P are the peak internal friction angle influence coefficients. e ultimate anchorage force of the anchor cable with uniform-exponential distribution is expressed as follows: 
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When l/d approaches infinity, the ultimate anchorage force of the anchor cable is
(20)
rough the analysis of the distribution and evolution law of the uniform-exponential pattern, the expression of the shear stress and anchor cable anchorage force considering the effects of the stress state and water content can be converted from equations (18)-(20) .
When τ R � τ x , the length of transition zone l t � x 0 − x 1 can be calculated by equation (18):
By analysing the shear stress distribution under the uniform-exponential pattern, when x > 2x 0 − x 1 and τ x < τ R . When the anchor cable is in the maximum limit anchorage force, the length of the nonslip zone and of the transition zone are both x 0 − x 1 , and the length of the relative slip zone is l − 2x 0 + 2x 1 . Currently, the maximum limit anchorage force of the anchor cable is expressed as
Under the condition of a certain water content and buried depth, the maximum limit anchorage force of the anchor cable can be measured by field tests. At this point, the anchor cable anchoring length, effective diameter of the anchor solid after grouting diffusion, peak shear strength, and residual shear strength of the soil mass are fixed values. By substituting the abovementioned experimental data into equation (22), the constant A can be solved, as shown below:
In this article, only the point I sample's experimental results are presented. e specific peak and residual fitting expressions of the cohesive force and internal friction angle data of the point I sample are equations (24)-(27). e test results fitting trend of the point II and III samples is the same as the fitting result for point I. e specific results are not given in detail in this article. 
where c IR is the residual cohesion, φ IR is the angle of residual internal friction, c IP is the peak cohesion, and φ IP is the peak internal friction angle.
From the fitting results, the correlation coefficients (COD) of the residual and peak cohesion fitting relations and the test results are 0.9220 and 0.9495. e correlation coefficients of the residual and peak internal friction angle fitting relations and the test results are 0.9362 and 0.9170. e fitting correlation coefficients of all four are above 90%. For the undisturbed soil of a specific project rather than the remolded soil in the laboratory, the degree of conformity is high and it can meet the accuracy requirements.
Equation (28) can be obtained by combining equations (16)- (18) and equations (24)-(27):
Similarly, equation (22) 
Engineering Application
e field test is located behind the 5th and 6th buildings of the urban harbour project in Bijie City, Guizhou province ( Figure 11 ). e plane layout of the test site is shown in Figure 16 (a). is field test position is also the red clay water sensitivity test location of sample I and the variation rule of the mechanical parameters of red clay with water content is shown in equations (24)-(27). e test site is a manually treated slope. e lower half of the excavation slope is 1 : 0.75 with the anchor cable lattice beam support, and the upper part is a natural slope with bolt and shotcrete support. In order to ensure consistent buried depth of the anchor cable, the direction of the anchor cable is parallel to the natural slope line and the depth distance is controlled at 10 m. e slope profile and anchor cable support mode are shown in Figure16(b). ree groups of red clay samples were taken from the middle point of the anchorage section of the anchor cable at test points 1-3 during the tensioning of the anchor cable for laboratory tests. e sampling depth, water content, density, peak cohesion and internal friction angle, and the residual cohesion and internal friction angle of the sample are shown in Table2. In this experiment, a low-pressure grouting method is adopted to fill cement slurry, so the effective diameter d of the anchor solid after grouting diffusion is approximately equal to the diameter of anchor cable drilling. ree anchor cables were installed at test points 1-3, as shown in Figure 16 (a). e relationship between the limit and residual anchorage tension and displacement is shown in Figure 17 . e experimental data of the drilling diameter, anchorage length, and limit and residual tensile force of test points 1-3 are shown in Table 3 . e last rows of Tables 2 and 3 are the average values of the red clay samples and anchor rope test parameters. e last column in Table 2 is the value of the constant A calculated according to equation (23). rough the analysis of the test and calculation results, it can be found that the average value of A of the three experimental points and the average value of A calculated according to the average value of the experimental parameters according to equation (22) is approximately 0.0119. e soil sample used in the test is come from sampling I point. By substituting the A value and relevant data in Tables 2 and 3 into equation (29), the relationship between the ultimate anchorage force of the anchor cable in the red clay layer at the research location and the change of water content can be obtained, and the relationship is shown in Figure 18 . According to equation (29) and the constant A value reverse calculated by the field test, the ultimate anchorage force of the anchor cable under the condition of arbitrary water content and buried depth can be estimated and can be used to optimise the engineering design. 
Conclusion
Based on the classical Phillip exponent and uniform anchorage shear stress distribution theory, the distribution law of the anchorage shear stress in red clay can be considered as a uniform-exponential distribution by using the characteristics of the peak shear strength and residual shear strength of the rock-soil mass. As the anchorage force increases gradually, the shear stress of the rock-soil mass around the anchor solid may experience a gradual change process from single exponential distribution (state I) ⟶ double single exponential distribution (state II) ⟶ uniform index complex distribution (state III) ⟶uniform distribution type (state IV). e stress of state III includes the other four stages in the process of the evolution of the stress state, and the stress and the anchoring force expression of state III also synthesize the expressions for the states I, II, and IV. e peak and residual value of cohesion and the internal friction angle for the soil samples of the same water content at different positions are different. e peak and residual values of the internal friction angle and cohesion of red clay at the same sampling point decrease with the increase of water content. With increase of the water content, the peak cohesion and residual cohesion of red clay have a negative exponential attenuation relationship with the water content. e peak internal friction angle and the residual internal friction angle of the red clay decreased linearly.
Based on the testing of the peak and residual cohesion and internal friction angle of red clay and the field tensioning test, the ultimate anchorage force of the anchor cable in red clay formation under a certain water content can be estimated and the water sensitivity of the ultimate anchorage force can be judged.
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